Background. Bacterial vaginosis (BV) is characterised by a reduction in Lactobacillus spp. abundance and 19 increased abundance of facultative anaerobes, like Gardnerella vaginalis. BV aetiology is not fully 20 understood, but bacteriophages could play a pivotal role causing perturbation of the vaginal bacterial 21 community. Here we investigate the vaginal viral community, including bacteriophages, and its association 22 to the bacterial community and BV-status. 23 Methods. Vaginal samples from 48 patients undergoing IVF treatment for non-female factor infertility were 24 subjected to metagenomic sequencing of purified virus-like particles. The vaginal viral community was 25 characterized and correlated with BV-status, bacterial community structure and presence of key vaginal 26 bacterial species. 27 Results. The majority of identified vaginal viruses belonged to the class of double-stranded DNA 28 bacteriophages, with eukaryotic viruses constituting 4% of total reads. Clear links between viral community 29 composition and BV (q = 0.006, R = 0.26) as well as presence of L. crispatus (q = 0.001, R = 0.43), L. iners, 30 Gardnerella vaginalis and Atopobium vaginae were found (q < 0.002, R > 0.15). Interestingly, also the 31 eukaryotic viral community was correlated with BV-status (q = 0.018, R = 0.20). 32 Conclusions. The vaginal virome is clearly linked with bacterial community structure and BV-status. 33 Clinical Trials Registration. NCT02042352. 34 Word count abstract: 200 36 Word count main text: 3467 37
Introduction 38
The vaginal microbiota (VMB) refers to the microorganisms inhabiting the vagina. Until now most studies 39 have focused on bacteria and fungi, whereas little is known about the viral community. When dominated by 40 Lactobacillus (Lb.) spp., especially Lb. crispatus, the VMB has a protective role preventing bacterial vaginosis, 41 yeast infections, sexually transmitted infections (STIs) and urinary tract infections [1] . Bacterial vaginosis (BV) 42 is the most common dysbiosis of the VMB, affecting 10%-30% of reproductive age women in developed 43 nations [2] . BV is characterized by a reduction of vaginal Lactobacillus abundance and an increase in the 44 number of other facultative anaerobic bacteria [3] . A dysbiotic VMB and BV have been reported to be an 45 important risk factor for STI acquisition and adverse reproductive outcomes [4] . Most healthy women have a 46 stable and relatively simple vaginal bacterial community dominated by one single Lactobacillus spp. However, 47 it is well-known that perturbations of the VMB occurs during menses and antibiotic treatment [5] , and is 48 negatively affected by increasing number of sexual partners [6] while being protected by male 49 circumcision [7] . Although Gardnerella vaginalis is generally accepted as one of the key bacteria involved in 50 BV pathogenesis [8] , the exact etiology of BV is still undergoing further investigation. 51
The total collection of vaginal viruses (the vaginal "virome"), has only been sparsely investigated, but there 52 is increasing evidence that bacteriophages (or "phages") are a factor in certain diseases related to gut 53 microbiome dysbiosis [9] . Further, phages adhere to and are significantly enriched in mucosal surfaces, 54 possibly providing what has been termed "non-host derived immunity" against infection [10, 11] . 55
Phages are viruses targeting bacteria in a host-specific manner. Phages use one of two fundamentally 56 different ways of replication. Lytic phages infects the bacterial cell, directs the biosynthesis to new phages 57 and then lyses the cell to release new phages. Temperate phages are also able to enter the lytic cycle, but 58 additionally -and in contrast to lytic phages -they are able to replicate through the lysogenic cycle. Here the 59 phage inserts its genetic material into the prokaryote genome as a prophage, which lies latent and is 60 transmitted vertically during bacterial replication until activated whereupon the lytic cycle commences [12] . 61 A possible mechanism underlying VMB dysbiosis could be prophage induction causing community shifts [13] . 62
In support of this hypothesis, it has been shown that VMB-related Lactobacillus spp. contain prophages that 63 are activated by environmental stressors such as smoking [14] . 64 Investigation of the virome by metagenomic sequencing can be performed with or without purification of 65 virus-like particles (VLPs). Purification of VLPs has the advantage of removing the majority of bacterial and 66 host DNA allowing deeper sequencing of viral DNA, with the disadvantage that some viral particles may be 67 lost during purification [15] . Alternatively, viral reads can be identified and recovered from metagenomes by 68 matching to known viral genomes, or using a variety of computational tools [16] . This has the disadvantage 69 that the majority of reads from full metagenome sequencing will be from bacterial genomes due to their 70 much larger genome size [17] , and significant bias towards detection of viral families more characterized in 71 genome databases [18] . 72
A recent study investigated possible links between vaginal dysbiosis and the risk of HIV acquisition in South 73
African women. Moreover they also investigated the vaginal virome, but reported no distinct viral community 74 structures within their cohort [19] . However, these findings should be interpreted with caution, as the 75 experimental protocol was based on filtration of VLPs from low volumes of cervicovaginal lavage (CVL) 76 without any up-concentration steps, yielding low input for downstream analysis. Furthermore, the 77 bioinformatics analysis was based on reads mapping exclusively to NCBI viral sequences, therefore excluding 78 uncharacterized viruses or phages incorporated into known bacterial genomes as prophages. Another recent 79 study used bioinformatically extracted viral reads from vaginal metagenomes[20], noting the presence of 80 eukaryotic virus families Herpesviridae and Partitiviridae, but without analysing the bacteriophage 81 community in detail. Finally, a study, based on targeted purification of vaginal eukaryotic viral nucleic acids 82 using biotinylated probes targeting all vertebrate viruses prior to high throughput sequencing, found that 83 increased vaginal eukaryotic viral richness is significantly associated with preterm birth [21] . Data Protection Agency (file number 1-16-02-26-14). Furthermore, the project was pre-registered at 95 clinicaltrials.gov (file number NCT02042352). All patients signed written informed consent prior to 96 enrollment. The present study involves 48 women admitted to IVF treatment due to either male factor, being 97 single or lesbian. Patients with known female reproductive disorders were excluded. This was done to focus 98 the study on establishing a baseline of the vaginal virome of healthy, reproductive-age women. In brief, 99 patients were recruited at two IVF centers in Denmark and they were prospectively included at their first 100 consultation before initiation of their IVF treatment. Samples were taken from the posterior fornix during 101 speculum examination prior to treatment. One sample was used for Gram staining and Nugent scoring [24] . 102
The second sample was taken for molecular analyses using a 1 ml Copan ESwab™ (Copan Italia, Brescia, Italy) 103 and frozen at -80°C until further use. 
Composition of the vaginal virome 170
A total of 61% of the de novo constructed contigs were identified as viral by matching to viral sequence 171 databases. The remaining 39% of vOTUs had no matches in viral databases, but neither did they match 172 bacterial sequences nor human DNA which could be due to the identification of previously unidentified 173 viruses. Viral matches were predominantly from the class of double stranded DNA (dsDNA) viruses, 174 unidentified viruses and a small proportion of single stranded DNA (ssDNA) viruses (Figure 1, Figure S1 ). (Figure S1B, C) . Similarly, no correlation was found between 179 viral and bacterial alpha diversity (Figure S1D) . Eukaryotic viruses were identified in all samples constituting 180 on average 4% of total reads (Figure S2A) . 181 The viral community composition (as determined by Bray-Curtis dissimilarity metrics) was significantly 187 different between BV-positive and BV-negative women (q = 0.006, R = 0.26) (Figure 2A) . Comparison with a 188 re-analysis of previously published data[22] on the bacterial community of the same samples (based on 16S 189 rRNA gene amplicon data) showed that the vaginal virome composition is as strong a predictor of BV 190 (Nugent score-based diagnosis) as the bacterial composition (q = 0.003, R = 0.50) (Figure S3) . qPCR-based 191 quantification of key bacteria has previously been shown to be a more accurate predictor of BV than 192 traditional Nugent scoring [35] . In accordance, we found that virome composition corresponded strongly 193 with the qPCR determined presence/absence of L. crispatus (Figure 2B) and L. iners as well as the associated Gardnerella vaginalis and Atopobiom vaginae species (Table S2D) 
. (A) Vaginal virome composition (Bray Curtis dissimilarity metric) varies with BV-status and (B) 200
Lactobacillus crispatus presence/absence (determined by qPCR Sequence-based host prediction and integrase content 205 Using WIsH[30] to predict the bacterial host of viral OTUs showed that Clostridium was the most common 206 predicted host genus, followed by Lactobacillus and Gardnerella (Figure S4A) . BV-negative samples 207 contained a significantly higher relative abundance of vOTUs predicted to have Lactobacillus spp. as their 208 most likely host (p < 0.0001), while BV-positive samples contained significantly more vOTUs with no high-209 confidence host match (p = 0.03) (Figure 2C) . 210
Lysogenic phages can be identified using marker genes such as integrases which are specific to lysogenic 211 phages [36] . The ratio between lytic and lysogenic phages was estimated by comparing the integrase gene 212 content between samples. There was no statistically significant difference in the fraction of reads mapping 213 to integrase/transposase sequences between samples with different BV-status, although BV-negative 214 samples had a higher mean fraction (0.091±0.004) compared to BV-positive samples (0.066±0.005) (S4B). 215
Interestingly, there was a strong negative correlation between the viral alpha diversity (Shannon diversity 216 index) and the fraction of viral reads matching integrase genes in each sample (p-value < 0.0001) ( Figure  217   2D) . 218 This study provides the first in-depth characterization of the vaginal DNA virome based on virus like particle 236 purification followed by metagenomic sequencing and de-novo assembly, constructing a total of 773 vOTUs 237 (of these 302 represent previously undescribed viruses/phages). We found that the composition of both 238 the prokaryotic and the eukaryotic viral communities varied strongly between BV-negative and BV-positive 239 samples. Further, clear co-abundance patterns between certain bacteria and vOTUs indicate that these two 240 components of the vaginal microbiome are strongly interlinked. Interestingly, the eukaryotic viral 241 component differed significantly between BV-positive and negative samples, even though these viruses are 242 not directly interacting with the bacterial community. 243
Bacteriophage-bacteria interactions
The identified vOTUs were predominantly dsDNA viruses, unidentified viruses and a small proportion of 244 ssDNA viruses, but only a minority had exact matches in viral databases. This is not unexpected considering 245 the lack of previous characterization of the vaginal virome using de-novo assembly and an overall 246 underrepresentation of viral genomes in relevant databases [37] . 247
Co-abundance correlation showed that groups of mainly anaerobic bacteria including G. vaginalis and 248
Moraxella catarrhalis are negatively correlated with a large number of vOTUs predicted to target 249
Lactobacillus spp. and other commensal bacteria. This is likely to reflect that a vaginal microbiota that 250 contains many lactobacilli have low abundances of BV-associated bacteria, and therefore also lack the 251 corresponding phages. In this aspect the finding of distinct viral groups could indicate the presence of 252 The funders had no role in study design, data collection and interpretation, or the decision to submit the 323 work for publication. 324
